Aims/hypothesis Activation of nutrient sensing through mammalian target of rapamycin (mTOR) has been linked to the pathogenesis of insulin resistance. We examined activation of mTOR-signalling in relation to insulin resistance and hepatic steatosis in mice. Materials and methods Chronic hepatic steatosis and hepatic insulin resistance were induced by high-fat feeding of male C57BL/6Jico mice for 6 weeks. In addition, acute hepatic steatosis in the absence of insulin resistance was induced by pharmacological blockade of β-oxidation using tetradecylglycidic acid (TDGA). mTOR signalling was examined in liver homogenates. Results High-fat feeding caused obesity (p<0.001), hepatic steatosis (p<0.05) and hepatic insulin resistance (p<0.05). The phosphorylation of mTOR and its downstream targets p70S6 kinase and S6 ribosomal protein was two-fold higher in mice on a high-fat diet than in mice fed standard chow (all p<0.05) and associated with enhanced rates of protein synthesis. Acute induction of hepatic steatosis with TDGA had no effect on mTOR activity. The increased activity of the mTOR pathway in livers from mice on a high-fat diet could not be ascribed to diet-induced alterations in known modulators of mTOR activity such as circulating plasma leucine levels, phosphorylation of protein kinase B and AMP-activated protein kinase, and changes in mitochondrial function. Conclusions/interpretation High-fat diet induces increase of the mTOR nutrient sensing pathway in association with hepatic insulin resistance, but not with hepatic lipid accumulation as such.
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Introduction
The liver is strongly involved in metabolic adaptations in response to variations in the amount and composition of ingested food. Caloric intake in excess of energy expenditure results in obesity and whole-body insulin resistance. For instance, in patients with type 2 diabetes mellitus, hepatic fat content correlates inversely with hepatic insulin sensitivity [1] , i.e. the ability of physiological concentrations of insulin to suppress hepatic glucose output, which contributes to the fasting hyperglycaemia observed in these patients [2, 3] . Moreover, hepatic lipid accumulation predicts the development of type 2 diabetes independently of other cardiovascular risk factors [4] . Taken together, these observations suggest a causative link between hepatic triacylglycerol content and the development of insulin resistance.
At the intracellular level, the mammalian target of rapamycin (mTOR) integrates insulin receptor (IR) signalling and pathways involved in amino acid/nutrient sensing. Under conditions of acute high-carbohydrate intake, leading to elevated circulating insulin concentrations, mTOR phosphorylation is enhanced via the IR pathway through phosphorylation and activation of a class 1 phosphatidylinositol 3-kinase (PI3K) and protein kinase B (PKB/Akt) [5, 6] . In contrast, under conditions of energy deprivation of cells leading to a decline in cytosolic ATP, an inactive state of mTOR is induced through activation of AMP-activated protein kinase (AMPK) [7] . Activation of mTOR generally results in stimulation of ribosomal protein synthesis, triggered by activation of p70S6 kinase, a downstream target of mTOR. The activity of mTOR is also subject to regulation by other factors, such as leptin and adiponectin, that act via AMPK [8] . Furthermore, activity of the autonomal nervous system affects the metabolic setting in peripheral tissues through as yet poorly characterised molecular mechanisms [9] .
A meal-induced increase in plasma leucine concentration represents a strong activator of the mTOR pathway through activation of a class III PI3K-dependent pathway [10] . Furthermore, elevated circulating concentrations of glucose and fatty acids may affect the activity of mTOR [11, 12] . Hyperglycaemia results in activation of atypical protein kinase C isoforms that desensitise the IR signalling pathway towards PKB and mTOR [13] . In addition, hyperglycaemia may reduce the expression of genes of the respiratory chain in mitochondria [14] , which can feed back to the activation status of mTOR via changes in AMPK activity. Cellular overload with triacylglycerol and/or fattyacid-derived products is highly toxic to mitochondria [15] [16] [17] [18] . So, both hyperglycaemia and hepatic accumulation of triacylglycerol may feed back to the mTOR/S6K/S6 signalling pathway through changes in AMPK and the insulin receptor signalling pathway.
In the present study, we examined the hepatic activation of mTOR in relation to insulin resistance and steatosis in two mouse models of hepatic steatosis. In the first model, hepatic steatosis and insulin resistance were induced by 6 weeks of exposure to a high-fat diet. In the second model, acute hepatic steatosis without insulin resistance was acutely induced by pharmacological inhibition of β-oxidation. Our results indicate that both forms of steatosis were associated with differential effects on mTOR signalling.
Materials and methods

Animals
The protocol of investigation conformed to the Guide for the Care and Use of Laboratory Animals as published by the NIH (NIH Publication No. 85-23, revised 1996) and was approved by the Institutional Animal Ethical Committee of the Leiden University Medical Center or the Animal Experiments Ethical Commission of the University of Groningen. Male C57BL/6Jico mice (6 weeks old) were purchased from Charles River (Maastricht, the Netherlands) and kept in a 12-h light-dark cycle. The animals were randomly divided in two groups and had free access to water and either standard lab chow or a high-fat diet for 6 weeks.
Diets
The high-fat diet was obtained from Arie Blok Diervoeding (Woerden, the Netherlands, cat no. 4031.05) and consisted (in % of total energy) of 44% bovine fat, 19% protein and 37% carbohydrate. Chow diet from the same supplier consisted of 32% protein, 54% carbohydrate and 14% crude fat. Both diets were supplemented with vitamins and microelements.
Tetradecylglycidic acid intervention
Animal experiments were performed as previously described [19] . Tetradecylglycidic acid (TDGA) (inhibitor of carnitine palmitoyltransferase-1 [CPT1]) was suspended in a concentration of 2.0 mg/ml in a vehicle consisting of 90 mg/ml BSA in saline [20] . Mice received either 30 mg/kg TDGA or vehicle by intraperitoneal injection. Food was removed, but the mice still had access to water. After 12 h, mice were killed by cardiac puncture under isoflurane anaesthesia. The liver was quickly removed and frozen for further analysis.
Hyperinsulinaemic-euglycaemic clamp
These studies were performed to measure the inhibitory effect of hepatic glucose production in chow-fed (n=6) and high-fat-fed (n=4) mice. After an overnight fast (15 h), mice were anaesthetised by subcutaneous injection of fentanyl (7 μl/g body weight; Hypnorm, Janssen Pharmaceutica, Beerse, Belgium) and midazolam (12.5 mg/g body weight; Genthon, Nijmegen, the Netherlands). After a basal period (60 min), a hyperinsulinaemic-euglycaemic study was started with a primed-continuous infusion of insulin (3.5 [21] .
Plasma determinations
Insulin was measured by ELISA (Ultrasensitive Mouse Insulin kit; Mercodia, Uppsala, Sweden). Plasma glucose was determined at regular intervals using a glucometer (Accutrend Sensor; Roche Diagnostics, Mannheim, Germany). Leucine concentration in plasma was measured by liquid chromatography as fluorescent derivatives according to manufacturer protocol (AccQ-Fluor; Water, Veenendaal, the Netherlands) optimised for baseline separation of leucine.
Isolation of livers
Diet-fed mice (n=7 per group) were killed by cervical dislocation following a 1-h infusion with PBS as described under hyperinsulinaemic-euglycaemic clamp [21] . Livers were rapidly removed, snap-frozen in liquid nitrogen and stored at −80°C until further analysis.
Analysis of protein production, phosphorylation and PI3K activity Livers (100 mg) were homogenised in buffer containing (in mmol/l): 30 Tris, 2.5 EDTA, 150 NaCl, 0.5 Na 3 VO 4 , 5 NaF, 5 MgCl 2 , 12.5% glycerol, 1% NP40 and protease inhibitors (Complete; Roche). Lysates were centrifuged (16,100 g, 15 min, 4°C) and protein content was determined using a BCA-kit (Pierce, Rockford, IL, USA). Expression and phosphorylation of signalling intermediates were analysed by western blotting. Antibodies for insulin receptor β-subunit, uncoupling protein (UCP)-2 and UCP3 and phosphotyrosine-horseradish peroxidase conjugate were from SantaCruz Biotechnology (SantaCruz, CA, USA). Phospho-specific antibodies for PKB/Akt (Ser473), mTOR (Ser2448), AMPK-alpha (Thr172), p70 S6-kinase (Thr421/Ser424), S6 ribosomal protein (Ser235/236) were from Cell Signalling Technology (Beverly, MA, USA). Polyclonal mTOR, IRS-1 and IRS-2 antibodies have been described [22, 23] . PKB/Akt antibodies were kindly provided by B. Burgering (UMC Utrecht, Utrecht, the Netherlands). Cytochrome C oxidase I and cytochrome C oxidase IV antibodies were from Molecular Probes (Breda, the Netherlands). Tyrosine phosphorylation and associated PI3K-activity were determined in IR, IRS-1-and IRS-2 immunoprecipitates as previously described [24] . Immunoblots and autoradiographs were quantified by ImageGauge software (version 3.12; Fuji Photo Film, Tokyo, Japan).
Analysis of lipid fractions in liver supernatant fractions
Lipids were extracted according to Bligh and Dyer's method [25] and detailed as previously described [26] . In short, 200 μg protein of liver supernatant fraction was homogenised in the buffer described above, diluted in 800 μl MilliQ, solubilised in 3 ml methanol-chloroform, after which 500 μl chloroform, 100 μl of internal standard and 1 ml MilliQ were added. After centrifugation, the chloroform layer was collected and dried. The pellet was dissolved in 50 μl chloroform and loaded on a highperformance thin layer chromatography plate. Triacylglycerol and diacylglycerol fractions were normalised by the intensity of internal standard.
Ribosomal protein synthesis
The rate of in vitro translation was measured in an assay using [ 3 H]leucine as described in detail [27] . This assay consists of a short-term [ 3 H]leucine incorporation of cell lysates, which leads to [ 3 H]leucine incorporation predominantly in existing polysomes.
Determination of mitochondrial DNA content Liver DNA was isolated using the DNeasy kit (Qiagen Benelux, Venlo, the Netherlands). Mitochondrial DNA (mtDNA) content was estimated by real-time PCR by determining the ratio between mtDNA and the β-actin gene. The primers used for β-actin were forward 5′-AGAGGGAAATCGTGCGTGAC-3′, reverse 5′-CAA TAGTGATGACCTGGCCGT-3′, and for mtDNA forward 5′-TTTCATAGGGGCATGAGGAG-3′, reverse 5′-TGAGGGATGGGTTGTAAGGA-3′. The relative mitochondrial copy number (Rc) was calculated using the following equation: Rc ¼ 2
ΔCt and Δ=Ct (β-actin)−Ct (mtDNA) [28] , where Ct is threshold cycle.
Cytochrome C oxidase activity Cytochrome C oxidase activity was determined in liver homogenates by measuring the oxidation of cytochrome C at an absorption of 550 nm. Values were corrected for protein content.
Statistical analysis
All data are presented as mean±SEM. Differences between groups were determined by unpaired Student's two-tailed t test using GraphPad Prism analysis software. Significance was accepted at p<0.05.
Results
High-fat diet induces obesity and hepatic insulin resistance but does not affect plasma leucine concentrations in mice
Animal characteristics
Basal characteristics of chow-and high-fat-fed mice are summarised in Table 1 . Mean body weight was 16% higher (p<0.001) in high-fat-than in chow-fed mice. Postabsorptive plasma glucose and leucine levels were similar in both groups, whereas postabsorptive plasma insulin levels were slightly higher in mice on a high-fat diet than in chow-fed animals (p=0.05).
High-fat feeding decreased whole-body insulin sensitivity as determined by a hyperinsulinaemic-euglycaemic clamp study (Table 2 ). Glucose infusion rates required to maintain euglycaemia during the clamp were decreased in high-fat-fed versus chow-fed mice (p<0.05). Furthermore, hepatic glucose production during the clamp study was more significantly reduced in the chow-fed mice (from 74± 9 μmol kg −1 min −1 at basal to 34±4 μmol kg −1 min −1 after the clamp) than in the animals on a high-fat diet (from 64±10 at basal to 42±6 mmol kg −1 min −1 after insulin, p<0.05; Table 2 ).
High-fat feeding, but not induction of hepatic steatosis, induces increased activity of the mTOR-S6 kinase pathway in mouse liver
The phosphorylation of mTOR-Ser2448 was 1.8-fold higher in livers from mice fed a high-fat diet than in those of chow-fed animals (p<0.01; Fig. 1a ) and was accompanied by elevated phosphorylation of its downstream targets. Notably, the phosphorylation of p70S6 kinase (Thr421/ Ser424) and its substrate S6 ribosomal protein (Ser235/236) was 2.1-and 2.7-fold higher, respectively, in liver of highfat-fed mice than in that of chow-fed animals (both p<0.05; Fig. 1b,c) . Protein expression levels of mTOR, p70S6 kinase, and S6 ribosomal protein were similar between mice on a high-fat diet and chow-fed mice (Fig. 1a-c) . Protein synthesis was measured at 2.5, 5, 10, 15, and 20 min after addition of [ 3 H]leucine to the cell lysate from chow and high-fat livers. On average, in lysates derived from mice on a high-fat diet, [ 3 H]leucine incorporation was increased by 1.4±0.3-fold, p=0.2. The trend of increased protein synthesis is in line with the sustained activity of the mTOR/S6K pathway. Subsequently, we analysed whether the elevated activity of the mTOR pathway could be ascribed to hepatic steatosis as such. To this end, acute steatosis was induced by inhibition of β-oxidation with TDGA, leading to a 5-fold increase in hepatic triacylglycerol content [19] . As shown in Fig. 1d-f , TDGA had no significant effect on the phosphorylation of mTOR, p70S6K, and S6 ribosomal protein, suggesting that hepatic steatosis as such does not underlie chronic activation of mTOR signalling.
High-fat diet intervention does not affect the basal phosphorylation of hepatic IR/IRS/PI3K/Akt in mice
We examined whether the slight elevation in plasma insulin levels contributed to the increased activity of the mTOR- pathway in high-fat-fed mice. Figure 2a -c and g shows that basal tyrosine phosphorylation of the insulin receptor β-subunit, IRS-1, IRS-2, and Ser473-phosphorylation of PKB/ Akt were similar between mice on a high-fat diet and chowfed mice. Expression levels of these proteins were not affected by the diet intervention ( Fig. 2d-g ). Accordingly, IRS-1-and IRS-2-associated PI3K activities were similar between the experimental groups (Fig. 2h,i) . Therefore, the slightly higher fasting insulin levels in the high-fat-fed animals did not lead to higher basal phosphorylation and activation states of the examined signalling intermediates. From these observations, we conclude that sustained activation of the mTOR/S6K pathway in high-fat-fed animals is unlikely to result from diet-induced alterations in the IR/IRS/PI3K/Akt pathway.
Do alterations in AMPK and mitochondrial function contribute to high-fat diet-induced activation of the mTOR-S6 kinase pathway?
The activation status of mTOR is under control of AMP levels that are sensed by AMPK, in addition to regulation through the IR/IRS/PI3K/Akt pathway. Increased AMP levels are associated with impaired cellular ATP production mediated through reduced mitochondrial oxidative phosphorylation. Fatty acids can fuel mitochondrial activity, but Fig. 1 Hepatic mTOR signalling in chow-fed mice (CH) and mice fed a high-fat (HF) diet (a-c) and in mice injected with the CPT1 inhibitor tetradecylglycidic acid (TDGA) (d-f). Liver lysates (25-50 μg protein) were subjected to immunoblotting with specific antibodies to measure phosphorylation of mTOR (pmTOR) (a, d), p70S6K (pp70S6K) (b, e) and S6 ribosomal protein (pS6) (c, f). After immunoblotting with phospho-specific antibodies, membranes were stripped and re-probed for protein expression. Graphs depict levels of phosphorylated proteins normalised by their expression levels. Each lane represents a sample from an individual mouse. Data are mean±SEM, n=7 per group. *p<0.05; **p<0.01. AU, arbitrary units also have the ability to disrupt mitochondrial function. Therefore, we examined whether changes occurred in the mitochondrial respiratory chain activity and in the AMPK activation status in mice on a high-fat diet compared with chow-fed mice. No significant change was observed in the phosphorylation status of AMPK between the livers of chow-and high-fat-fed mice (Fig. 3a) . Mitochondrial cytochrome C oxidase activity was slightly increased in mice on the high-fat diet (p<0.05), while protein expression of subunits I and IV of cytochrome Fig. 2 Hepatic insulin receptor signalling in chow-fed mice (CH) and mice fed a high-fat (HF) diet. Liver lysates (2 mg protein) were subjected to immunoprecipitation with antibodies against insulin receptor (IR) (a), IRS-1 (b), and IRS-2 (c) and subsequent immunoblotting with phosphotyrosine antibodies (a-d) or lipid kinase assay for measuring PI3K activity (h, i). Expression of phosphorylated Akt (pAkt) and total protein expression of IR, IRS-1 and IRS-2 were measured in direct liver lysates using 25 μg protein (d-g). PI3K activities were measured in the presence of PI and 32 P-labelled-ATP, and phosphatidylinositol 3-phosphate (PIP3) was separated by thin layer chromatography. h, i Representative thin layer chromatography. Data are mean±SEM, n=4-7 per group. AU, arbitrary units C oxidase was unchanged in this group compared with chow-fed mice (Fig. 3b) .
Mitochondrial DNA copy number was independent of the nature of the diet (Fig. 3c) .
Uncoupling protein 3 is upregulated in human skeletal muscle upon ingestion of a high-fat diet, and this is independent of mitochondrial uncoupling activity [29] . We observed a similar upregulation in the murine liver as UCP3 content was increased twofold in livers of high-fat-fed mice compared with chow-fed mice, while UCP2 protein expression remained unchanged (Fig. 3d) .
Discussion
In this study we analysed the changes induced by a high-fat diet in the basal status of hepatic insulin (IR/IRS/PI3K/Akt) and nutrient (mTOR/S6K/S6) pathways under the condition of hepatic insulin resistance. We show that after 6 weeks on the high-fat diet mice had developed whole-body and hepatic insulin resistance. Under these conditions, we observed a strong, constitutional hepatic activation of mTOR in the postabsorptive state accompanied by increased phosphorylation of known signalling steps downstream of mTOR, such as p70S6K and ribosomal protein S6 as well as increased ribosomal protein synthesis in the liver. In contrast, hepatic accumulation of triacylglycerol, induced by inhibition of β-oxidation, was not associated with hepatic insulin resistance or activation of the mTOR pathway. Therefore, hepatic insulin resistance, but not hepatic steatosis as such, associates with sustained activation of the mTOR nutrient sensing pathway.
Various metabolic factors can modulate mTOR phosphorylation [30] , and we therefore investigated whether changes in these known factors upon high-fat feeding could account for the sustained activity of the mTOR pathway. Some amino acids, especially leucine, are strong activators of mTOR activity [31, 32] . The precise sensors involved in amino acid-induced mTOR activation are poorly understood in higher eukaryotes. A recent study suggests that class 3 PI3K (hVps15) rather than class 1 PI3K may mediate the effect of amino acids. Class 1 PI3K is the isoform that undergoes activation through the insulin receptor [10] . However, plasma leucine concentrations were not different between animals on a high-fat diet compared with chow-fed mice, suggesting that circulating leucine was not responsible for the sustained mTOR activation.
Two additional signalling pathways have been identified that contribute to mTOR activation. One pathway involves the insulin/IGF-1 receptor, IRS-proteins and PI3K, leading to activation of Akt/PKB, which is known to phosphorylate and activate mTOR [10] . The other pathway regulating mTOR activity involves AMPK. Under conditions of energy depletion, e.g. due to mitochondrial damage through overload of cells with fatty acids, the resulting increase in cytosolic AMP concentrations activates AMPK. This, in turn, leads to inactivation of mTOR by preventing the activation of a TOR kinase that is controlled by the guanosine-triphosphate-bound status of Rheb [14, 33, 34] . Therefore, to evaluate whether the high-fat diet enhances the activation status of mTOR through changes in IR signalling or AMPK activity, we analysed the activation status of these pathways in the liver of high-fat-fed mice. No significant change in the activation status of the IR, class 1 PI3K and PKB was seen that could explain the enhanced phosphorylation of mTOR in the animals on a high-fat diet. When analysing AMPK activity and the mitochondrial activity that controls AMPK through ATP production, we observed no change in AMPK phosphorylation, mitochondrial DNA copy number and expression levels of subunits I and IV of cytochrome C oxidase, whereas a slight increase in overall cytochrome C activity was seen in high-fat-fed compared with chow-fed animals. These findings indicate that the hepatocytes in animals fed a high-fat diet are not ATP-deficient as a result of a fatty acid-induced mitochondrial dysfunction.
It was recently reported that a high-fat diet induces expression of mitochondrial UCP3 in skeletal muscle [29] . Rather than being an uncoupler of the respiratory chain, this protein may protect mitochondria against fatty acid overload. We observed in the livers of the high-fat mice a twofold increase in UCP3 protein content compared with the chow-fed mice. However, UCP3 protein expression did not change upon CPT1 inhibition in the liver (results not shown). These data point to a sensing mechanism for highfat feeding, which operates in muscle and liver and regulates the expression level of UCP3. This sensing mechanism may also contribute to the association between high-fat feeding and mTOR activation and the development of insulin resistance.
High-fat diet-induced hepatic steatosis and hepatic insulin resistance are closely associated phenomena. The observed situation of sustained mTOR activation in response to the high-fat diet could be directly related to high hepatic triacylglycerol content, e.g. through triacylglycerol/NEFA-induced changes of hepatic signalling. Therefore, we examined whether hepatic steatosis as such, without concomitant insulin resistance, is sufficient to induce the sustained activation of the nutritional pathway. For this purpose, we analysed mTOR activation in mice treated with TDGA, an inhibitor of fatty acid β-oxidation. TDGA treatment in combination with fasting results in acute hepatic steatosis uncoupled from insulin resistance [19, 35] . Remarkably, no change in hepatic mTOR activation was seen in these mice, suggesting that other factors than intrahepatic triacylglycerol accumulation are responsible for the induction of sustained mTOR activation in high-fat-fed mice. One option to explain the differences in phenotype could be a difference in the ratio of triacylglycerol: diacylglycerol in liver, as diacylglycerol is a known potent activator of various protein kinase C isoforms. The activation of protein kinase C could be a modulator of the phenotype. However, analysis of triacylglycerol:diacylglycerol ratios showed that in all animals fatty acids were predominantly present in the triacylglycerol pool and that diacylglycerol levels were present in amounts around the detection limit of the assay (4-5% of triacylglycerol levels). High-fat-induced adipokine profiles or reprogramming of particular brain nuclei are plausible factors. The recent observation by Khamzina et al. [36] that obese rats exhibit sustained mTOR/S6K activation in multiple tissues is also compatible with a situation that circulating or neuronal factors are involved in mTOR activation in multiple tissues.
Taken together, our results show that in the murine liver the activity of the mTOR-controlled pathway is enhanced in response to insulin resistance induced by high-fat feeding. This activation proceeds through an as yet unidentified sensor, which does not involve sustained activation of the insulin receptor pathway, changes in AMPK activity or circulating leucine levels. Furthermore, hepatic steatosis alone, without the development of insulin resistance, is not sufficient to activate this pathway, showing that triacylglycerol itself is unlikely to be the mTOR-activating agent.
